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IN BRIEF ...

Peterson, David L.; Anderson, Darren R. 1990. Content of
chemical elements in tree rings of lodgepole pine and
whitebark pine from a subalpine Sierra Nevada forest.
Res. Paper PSW-2(0. Berkeley, CA: Pacific Southwest Re-
search Station, Forest Service, U.S. Department of Agricul-
ture; 9 p.

Retrieval Terms: dendroecology, tree growth, wood chemistry

Little is known about the ecology of high-elevation forests in
the Sierra Nevada of California, Tree species located near
timberline grow slowly and may be sensitive to small environ-
mental changes. The effects of atmospheric deposition on
California forests are of particular concern because of the pres-
ence of phytotoxic levels of ozone and elevated levels of nitro-
gen deposition at some montane locations. In addition, some
high elevation sites are poorly buffered against potential in-
creases in the acidity of precipitation and snowmeit,

Some studies have indicated that the chemical content of
wood can be used to detect changes in the atmospheric environ-
mentand other factors over time, Chemical analysis of cores has
been particularly useful in studies of trees located adjacent to
smelters and industrial operations, but has been less successful
in identifying chemical markers in trees exposed to nonpoint
sources of pollution.

Inthis study, cores of lodgepole pine and whitebark pine were

i

analyzed for chemical content to determine whether there were
any temporal patterns of chemical disaibution in tree rings.
Trees were sampled above 3000 m near timberline in the Sierra
Nevada of California, at a location that is assumed to have
minimal human disturbance or impact from air pollutants. Trees
of a wide range of sizes and ages of both species were sampled.

Calcium and magnesium (both divalent cations) were strongiy
correlated with each other in both species. Copper, iron, cobalt,
nickel, molybdenum, chromium, tin, and arsenic were all corre-
lated with each other in lodgepole pine but not whitebark pine.
The clearest trends in the data were decreases in calcium and
magnesium over time, and a dramatic increase in boron. These
trends were found in both species. In addition, most elements
had higher concentrations in the youngest wood, which proba-
bly indicates greater mobility of soluble forms of elements
adjacent to living vascular tissue. There was a high degree of
variance in chemical concentration data.

This data set provides information on wood chemistry from a
site without the influence of human disturbance or elevated
levels of pollutants, The data can therefore be compared with
those from similar sites that may be affected by pollutants, in
order to determine whether a chemical marker related to air
pollution can be detected. The data can also serve as a bench
mark for future evaluations of tree growth and chemical content

of wood at the study site.

USDA Forest Service Res. Paper PSW-200, 1990.



INTRODUCTION

METHODS

igh-elevation forest ecosystems of the Sierra Nevada

H of California may be sensitive to small environmental
changes. Trees at high elevations grow slowly, and species near
timberline are at the limit of their existence due to low tempera-
tures and desiccation. Subalpine forests may be affected by
atmospheric deposition as well as by changes in atmospheric
CO, (Bazzaz and others 1985, Oechel and Strain 1985). It is
impossible to determine whether there are changesin the ecosys-
tem, however, without a record through time. The expected
range of variability in ecosystem response to environmentat
varizbles must also be known.

Lodgepole pine (Pinus contorta var. murrayana) and white-
bark pine (Pinus albicaulis) are common species in the sub-
alpine forests of the Sierra Nevada. Research has been con-
ducted on the ecology and silviculture of lodgepole pine (e.g.,
Lotan and Perry 1983), although there is little information on
this species in California. There have been a few studies on the
ecology of whitebark pine (Arnc and Hoff 1989, Forcella and
Weaver 1977, Peterson and Arbaugh 1990, Weaver and Dale
1974), including recent work on its physiology (Armstrong and
others 1988) and leaf area (Peterson and others 1989). Previous
ecological studies of high elevation forests in California have
focused onred fir (Abies magnifica) (Oosting and Billings 1943,
Westman 1987).

Previons dendroecological studies have indicated that chemi-
cal content of wood can be used in some cases to identify
changes in the atmospheric environment over time (Britker
and others 1985, Lepp 1975). A number of studies have identi-
fied changes in the concentration of some elements over time
that are related to differing exposures to pollutants from indus-
trial processes (Arp and Manasc 1988, Baes and McLaughlin
1984, Guyette and McGinnes 1987) or to site and soil character-
istics (McClenahen and others 1987, 1989). It has been consid-
erably more difficult to associate chemical distribution in tree
rings with regional effects of atmospheric deposition (Berish
and Ragsdale 1983, Frelich and others 1989, Legge and others
1984). A reliable baseline is needed to compare trees with
potential effects of chemical changes. Analyses of chemical
content of wood from areas free of pollution may help to
determine whether there have been chemical changes in trees at
similar sites.

This paper reports the results of a study to analyze the
chemical content of lodgepole pine and whitebark pine cores
from a subalpine Sierra Nevada forest, to determine whether
there were any temporal patterns of chemical distribution in tree
rings.

USDA Forest Service Res. Paper PSW-200. 1990,

The study site was located in the Eastern Brook Lakes water-
shed at 118° 44" W. longitude, 37° 26' N. lIatitude in the Inyo
National Forest, Inyo County, California. This high-¢levation
forest is relatively free of air pollutants and has no history of
large-scale human disturbance. The 250-ha watershed islocated
between 3170 and 3780 m elevation and contains lodgepole pine
and whitebark pine forest, alpine meadows, willows (Salixspp.),
and scattered shrubs. A large portion of the watershed consists
of alake, several streams, granite cliffs, and talus slopes. There
is little evidence of fire in the watershed. Frequent avalanches
appear to be the major form of disturbance. Soils within the
sample area are of a glacial origin and derived from granitic
material. They are classified as Typic Cryochrepts, and depth to
bedrock is less than 100 cm (B. Smith unpublished data).

The sampling area was composed of mixed lodgepole pine
and whitebark pine (Peterson and Arbangh 1990, Peterson and
others 1989). Slope was less than 10 percent in this area, with
little variation in slope or other site characteristics. Density was
3050 stems/ha, and basal area was 18.2 m%*ha (Peterson and
others 1989). Ten trees of each species (table 1) were sampled
along a transect using the point-centered quarter method (Peter-
son and Arbaugh 1990). All rees exceeded 10 cm in diameter
without major crown or stem defects, Trees were cored with an

Table 1—Summary of characteristics of sample trees

Core no. D.b.ht Height Beginning year
of core
ent m
Lodgepole pine
1 12.0 5.0 1972
2 24.0 1.0 1887
3 41.5 9.5 1827
4 31.0 9.0 1857
5 41.0 17.0 1852
6 20.0 11.5 1897
7 54.5 19.0 1897
8 15.0 10.5 1932
9 255 9.0 1942
10 1.5 45 1942
Whitebark pine
1 10.0 7.0 1913
2 85 6.0 1928
3 12.0 12.0 1928
4 11.5 1.0 1903
5 14.5 8.5 1868
6 37.0 15.0 1823
7 21.5 13.0 1843
8 17.5 125 1873
9 12.0 7.0 1918
10 305 14.0 1818
ID.b.h. is diameter at breast height.




incrementborer, with one core being taken from one of the cross-
slope positions of each tree. Cores were stored in paper straws
and transported back to the laboratory for analysis.

Cores were sanded as necessary so that individual rings were
clearly visible. They were then crossdated (Fritts 1976) so that
individual rings could be associated with specific years. Tree
cores were then sectioned into 5-year increments for chemical
analysis. Bach 5-year increment was placed in a separate sample
vial and submitted for laboratory analysis. Wood samples were
analyzed by the chemical analysis laboratory of the Department
of Biological Science at the University of California, Los
Angeles, by using inductively conpled plasma emissionr spec-
troscopy after ashing and dissolving samples in nitricacid. Total
concentration of the following elements was determined: phos-
phorus (P), sodium (Na), potassium (X)), calcium (Ca), magne-
sium (Mg}, zinc (Zn), copper (Cu), iron (Fe}, manganese (Mn),
boron (B), silicon (8i), titanium (Ti), vanadium (V}, cobalt (Co),
nickel (Ni}, molybdenum (Mo), chromium {(Cr), strontium (S1),
barium (Ba), silver (Ag), tin (Sn), lead (Pb), arsenic (As},
cadmium (Cd), beryllium (Be), lithium (Li),

Correlation analysis (Pearson product-moment correlation
coefficient) was initially conducted to determine the relation-
ship between pairs of elements. The entire time series of all
cores for each species were used to calculate correlation coeffi-
cients. Concentration of elements over time was plotted foreach
element of each tree core. These graphs were aggregated for

display purposes.

RESULTS AND DISCUSSION

Correlation Analysis

Distributions of chemical elements in the wood of lodgepole
pine and whitebark pine varied widely, and trends were difficult

Table 2-Mean of Pearson product-moment correlation coefficients for elemenis in 10 lodgepole pine cores. Correlation coefficients are for all time segmenis
of all cores (n=). Values greater than 0. 5000 are underscored 1o assist the reader in locating large values.
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Table3-Mean of Pearson product-moment correlation coefficients for elements in 10 whitebark pine cores. Correlation coefficients
are for all time segmenis of all cores (n=). Values greater than 0.5000 are underscored 1o assist the reader in locating large values.

to interpret in some cases. Unfortunately this is typical in most
studies of this type because natural variation is high and the
relationship between element concentration and the environ-
ment of trees is complex.

Correlation analysis indicated correlations among certain
groups of elements (tables 2, 3), Statistical significance is not
indicated in the tables, although correlation coefficient values
greater than 0.5 and less than -0.5 have been underscored. One
of the strongest average correlations for both species was be-
tween Caand Mg, Both elementsarerelatively abundant in most
soils, are critical for plant nutrition, and are divalent cations in
solution. Both Ca and Mg are also correlated with the divalent

- cations Baand Srin both species. Baand Srare highly correlated
with each other in both species, and are both correlated with K,
Zn, Mn, and Al in whitebark pine but not in lodgepole pine. Al
and Si, both common elements in the structure of clay minerals,
were correlated in both species.

Comrelations among some of the metals were found for lodge-
pole pine but not for whitebark pine. Cu, Fe, Co, Ni, Mo, Cr, Sn,
and As were all correlated with one another (table 3). In
addition, all eight elements were correlated with P,

Some of the correlations were expected on the basis of simple

USDA Forest Service Res. Paper PSW-200, 1990

chemicai principles (fables 2, 3). For example, one mightexpect
Caand Mg to have directly proportional concentrations in wood
because they are both relatively common divalent cations.
Correlations of these elements with their chemical analogs, Ba
and Sr, are also 10 be expected. Correlations among some of the
metals are reasonable because they have similar adsorption and
transport mechanisms in plants (Lepp 1975). It is not clear,
however, why there was such g large discrepancy between tree

species.

Temporal Trends in Element
Conceniration

The time series of chemical concentrations in the wood of
whitebark pine and lodgepole pine must be interpreted in the
context of radial growth patterns of the trees, Basal area trends
for the Eastern Brook Lakes study site were described in a
previous study (Peterson and Arbaugh 1990), which determined
that basal area growth increased over time for all age classes of
both species. This is an unusual pattern of growth for most



conifers, which normally have a plateau or reduction in annual
basal area increment after 50-100 years.

Figures 1-10, which depict temporal trends, present data for
all cores. The figures are rather “noisy,” but are valuable
because they display the entire range of element concentrations
for trees of different ages. There are several high or fow values
for some elements, probably due to errors in chemical analysis,
values outside the detection limits of the instrument used for
analysis, or sample contamination. The overall trend of element
concentrations should be observed, rather than these outliers.

Phosphorus (fig. 1)

P concentration for half of the whitebark pines increased
slightly, especially since 1950. Except for a recent increase in
some trees, no apparent trend was found in lodgepole pine. The
data contained a high degree of variance. Similar studies of red
spruce {Picea rubens} (Arp and Manasc 1988), Eastern white
pine (Pinus strobus}), and sugar maple (Acer saccharum) (Fre-
lich and others 1989) showed no increase in P concentration
over time, except in the youngest wood.

Phosphorus is an important structural component of many
plant compounds, especially nucleic acids and phospholipids,
and plays a critical role in energy metabolism (Bidwell 1974).
The high levels of P found in the youngest wood in this and other

P Concentration {ppm)

P Cancentration {ppm)
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Flgure 1--Concantration of P (ppm) over time for iodgepole pine (A} and
whitebark pine (B). Each line represents a separate tree core. Colors
and type of line were randomly assigned to each tree, and are consistent
among all figures {for axample, the same tree is representad by a solid
red line in figs. 1-10).

studies is probably related to the process of wood formation,
which leaves substantial concentrations of P in newly formed
xylem. Concentrations may be reduced in subsequent years by
the radial flow of sap through the stems (Arp and Manasc 1988).

Potassium (fig. 2)

No trend in K concentration was found for either species,
although concentration was much higher during the most recent
10 years of growth. The concentration for the youngest incre-
ment of wood was twice that of wood that was 10 years older in
both species. Variance in concentration was generally higherin
whitebark pine than in lodgepole pine. This pattern was similar
10 that found in other tree species (Arp and Manasc 1988, Frelich
and others 1989, Matusiewicz and Barnes 1985).

Potassium has no structural role in plants, but serves in a
number of catalytic roles. It is apparently involved in enzyme
activity, especially for protein synthesis (Bidwell 1974). Italso
serves as an osmotic agent in the opening and closing of stomata
(Kramer and Kozlowski 1979). Itis highly mobile in plants and
is easily translocated among different tissue types in trees
(Peterson and Rolfe 1982). The high concentrations of K found
in the youngest wood are probably related to the process of wood
formation, with reduction in subsequent years by radial sap
movement (Arp and Manasc 1988).

K. Concentration {ppm)

K Concentration {(ppm)
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Figure 2—Concentration of K {ppm) over time for lodgepole pine (A) and
whitebark pine (B). Each line represents a separate tree core.

USDA Forest Service Res. Paper PSW-200, 1950,



Calcium (fig. 3)

Concentration of Ca decreased through time for both species,
inolderas well as younger trees. Concentrationsduring the most
recent 5 years were high for whitebark pine and slightly higher
than the previous 5-year increment in lodgepole pine. Concen-
trations of Cain the 1970’s was about half that of the oldest wood
in many cores of both species. The pattern of decreasing Ca
through time is similar to that found in other species (Arp and
Manasc 1988, Frelich and others 1989, Meisch and others 1986),
although the high concentration in the youngest wood is differ-
ent. Although Ca concentration decreased over time, the abso-
tate amount of Ca fixed in the wood may be relatively constant
because of the concurrent increase in basal area increment
(Peterson and Arbaugh 1990).

Calcium is a critical element in plants and is found in high
concentrations in most plants and soils. It is important in the
synthesis of pectin in the middle lamella of cell walls, isinvolved
in the metabolism of the nucleus and mitochondria (Bidwelt
1974), is an enzyme activator, and is involved in nitrogen
metabolism (Kramer and Kozlowski 1979). Calcium is gener-
ally regarded as an immobile element because itis fixed in xylem
cell walls and incorporated into woody tissue, However, the
high concentrations of Ca in the youngest wood of the trees in
our study suggest that there must be some maobility in order to
reduce these concentrations as the wood ages.

Ca Concsniration {ppm)

1000

Ca Concentration (ppm)

] T T T T T v T T (
1010 1830 1250 1870 18%0 190 195 1050 1870 1950

Flgure 3-—~Conceniration of Ca (ppm) over time for lodgopole pine
{A) and whitebark pine (B). Each line represents a separate tree
core.

USDA Forest Service Res. Paper PSW-200. 1990.

Magnesium {flg. 4)

The overall trend of Mg concentrations paralleled that of Ca
for younger and older trees of both species. Concentrations in
the 1970%s were half that of the oldest wood in the core for
lodgepole pine and 20-30 percent of the oldest wood in some
whitebark pine cores. Concentrations during the most recent 5
years were several times higher than the previous 5-year incre-
ment for whitebark pine and slightly higher in most lodgepole
pines. The generally decreasing wend in Mg again paralleled
that of other species (Arp and Manasc 1988, Frelich and others
1989, Matusiewicz and Barnes 1985), but the high concentra-
tions in the youngest wood was a major difference.

Magnesium is critical for several plant functions. It is a
constituent of the chlorophyll molecule, is involved in the
phosphate transfer reaction of several enzyme systems, and is
involved in maintaining the integrity of ribosomes (Kramer and
Kozlowski 1979). Magnesium is highly soluble and readily
transported within plants, and concentrations tend to be high in
xylem sap (Stark and others 1984), These factors may account
for the high concentration of Mg found in this study and the
reduction in concentration as the wood ages.
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Flgure 4~-Concentration of Mg (ppm} over time for lodgepole pine
(A} and whitebark pine (B). Eachi line represents a separate tree
core.



Sodium (flg. 5)

Concentrations of Na tended to increase in about 1930 and
decrease in 1950 for about half of the lodgepole pine cores. We
found no apparent trend for whitebark pine. The pattern was
quite different from the general decreasing trend found in red
spruce (Matusiewicz and Bames 1985). Sodium hasnoapparent
function in plants other than halophytes, and the patterns found
in this study are difficult to explain. The temporary increase
found in this study may be related to increased availability of Na
in the soils due to drying, Sodium concentrations probably
contain little information about nutrition in conifers, although
they can reflect changes in uptake patterns.
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Figure 5—Concentration of Na {ppm) over time for lodgepole pine (A)
and whitebark pine (B). Each line represents a separate tree core,

Boron (fig. 6)

Concentrations of B increased over time for both species, and
concentration of the youngest wood was several times higher
than that of the oldest wood in several cores. This increase was
especially prominent since 1960, with highest values during the
most recent time period. Concentrations were quite similar for
both species. The increase in B, coupled with the temporal
increase in basal area increment for most cores, indicates that
there was a substantial increase in the amount of B fixed in the
wood over time.

Boron is essential in small quantities for plant growth, al-
though its role in plant metabolism is poorly understood. It
appears to be involved in the translocation and absorption of
sugars in plants (Bidwell 1974)., Conifers tend to be more
tolerant than angiosperms of lower concentrations of B, and
normalty have specific requirements for less than 15 ppm
{Kramer and Kozlowski 1979). Many of the trees in this study
accurmulated concentrations higher than 15 ppm. We could not
find similar studies of B distribution in wood in the literature,
The increasing concentration of B over time is difficult to
explain, although it is possible that salts containing B increased
in the soil over time because of drying and became increasingly
available for uptake.
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Figure 8—Concentration of B (ppm) over time for lodgepole pine (A) and
whitebark pine (B). Each line represents a separate tree core.

USDA Forest Service Res, Paper PSW-200. 1950.



Iron (fig. 7)

The trend in Fe concentration was weak, although some
whitebark pines appeared to have a slightly increasing trend in
Fe conceniration since 1960. This generally agrees with the
results of other studies (Frelich and others 1989), although red
spruce had a much longer period of concentration increase (Arp
and Manasc 1988, Matusiewicz and Barnes 1985),

More iron is required in plants than are other micronutrients,
probably because of its low solubility. Fe is part of the catalytic
site of important oxidation-reduction enzymes, and is essential
for chlorophylt synthesis (Bidwell 1974). The higher recent
concentrations of Fe in some trees indicate that there is some
mobility of this element in wood despite its low solubility.
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Flgure 7—Concentration of Fe (ppm) over time for lodgepole pine (A)
and whitebark pine (B). Each line represents a separate roe core.

USDA Forest Service Res. Paper PSW-200. 1990,

Copper {fig. 8)

Notrend in Cu concentrations for either species was detected.
Concentrations tended to be higher and more variable in lodge-
pole pine than in whitebark pine. The low concentrations and
lack of rend agree with studies of other species from nonpol-
luted sites (Arp and Manasc 1988, Berish and Ragsdale 1985,
Matusiewicz and Barnes 1985, Robitaille 1981).

Copperis generally found in small quantities in both soilsand
plants. It plays a catalytic role in plants as part of a number of
important enzymes, and is present in plastocyanin in chloro-
plasts (Bidwell 1974), Concentrations measured in this study
were low and far below the range considered to be indicative of
contamination from industrial processes (Arp and Manasc 1988,
Robitaille 1981).

Cu Concentration (ppm)
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Figure 8—Concentration of Cu {ppm) over time for lodgepole pine (A)
and whitebark pine (B). Each line represents a separate tree core.



Manganese (fig. 9)

No trend in Mn concentrations for either species was detected.
Some of the whitebark pine cores had a large increase in Mn
concentration during the most recent 5-year increment. Previ-
ous studies that evaluated Mn concentration also found no
temporal wends at unpolluted sites (Arp and Manasc 1988,
Berish and Ragsdale 1985, Matusiewicz and Barnes 1985), but
none of these studies had the high concentations found in the
mostrecent whitebark pine wood. Younger irees of both species
tended to have higher Mn concentrations, which agrees with
previous results for red spruce (Arp and Manasc 1988).

Manganese is widely involved in catalytic roles in plants, It
is an important enzyme activator in the Krebs cycle and is
required in other respiratory processes, nitrogen metabolism,
and photosynthesis. It may also have a structural role in chicro-
plasts (Bidwell 1974) and affect the availability of Fe (Kramer
and Kozlowski 1979). The lack of trend in this study indicates
that there has probably been no unusual deposition of Mn in the
watershed.

Zinc (fig. 10)

No trend in concentrations for either species was detected.
Most of the whitebark pines and half of the lodgepole pines had
alarge increase during the most recent 5-year increment. There
was a range of results for previous studies of Zn concentrations
in trees, including decreasing temporal trend {Arp and Manasc

Zn Concentration (ppm)

Zn Congentration (ppm)
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Figure 8—Conocentration of Mn (ppm) over time for lodgepole pine (A)
and whitebark pine (B). Each line represents a separate free core.

1988, Robitaille 1981), increasing trend (Berish and Ragsdale
1985), and no trend (Frelich and others 1989, Matusiewicz and
Barnes 1985). None of these studies found the high Zn concen-
trations that we observed in the youngest wood of whitebark
pine.

Zinc is involved in the synthesis of indoleacetic acid and is
therefore related to the form and growth habit of plants, Zincis
also an activator of several important enzymes, and is involved
in protein synthesis (Bidwell 1974), The lack of trend in Zn
concentration suggests that this metal did not cause any contami-
nation at the study site.

Lead, Tin, Barlum, Strontlum

Concentrations of Pb, Ba, and Sr decreased in most lodgepole
pine cores since 1940 and Sn decreased since 1950. Similar
trends were found in whitebark pine, None of these elements has
a known function in plants, but are discussed here because they
displayed some trends in the concentration data. Lead is of
particular interest because it is a common pollutant associated
with gasoline and is phytotoxic. Concentrations measured in
this study were too low to reflect the possible effect of automo-
bile emissions (Rolfe 1974) or a change from the use of leaded
to unleaded fuel. The only other study thatexamined Ba and Sr
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Flgure 10—Concentration of Zn (ppm) over time for lodgepole pine (A)
and whitebark pine (B). Each line represents a separate trea core.
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concentrations found no trend (Matusiewicz and Barnes 1985),
and no stadies could be located that evaluated Sn.

Aluminum, Sllicon

Neither Al nor Si has a known function in plant growth, but
each is normally found in moderately high concentrations in
plants (Kramer and Kozlowski 1979). We detected no trendsin
the concentrations of Al and Si, although Al concentrations were
very high (25-50 ppm) during the most recent S-year increment
compared to the previous portion of the time series (0-20 ppm).
Previous studies also found a recent increase in Al (Arp and
Manasc 1988, Mamsiewicz and Barnes 1985), but it was not as

dramatic as in our study.

Other Elements

None of the other elements analyzed in this study had signifi-
cant trends. The data for these elements are available upon
request to the senior author at College of Forest Resources,
University of Washington, AR-10, Seattle, Washington 98195.
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The Forest Service, U. S. Department of Agriculture, is responsible for Federal leadership in forestry.
It carries out this role through four main activities:
@ Protection and management of resources on 191 million acres of National Forest System lands
e Cooperation with State and local governments, forest industries, and private landowners to help
protect and manage ncn-Federal forest and associated range and watershed lands
@ Participation with other agencies in human resource and community assistance programs to
improve living conditions in rural areas
e Research on all aspects of forestry, rangeland management, and forest resources utilization.

The Pacific Southwest Research Station
@ Represents the research branch of the Forest Service in California, Hawaii, American Samoa
and the western Pacific.

Persons of any race, color,-national origin, sex, age, religion, or with any
handicapping conditions are welcome to use and enjoy all facilities, programs,
and services of the U.S. Department of Agriculture. Discrimination in any form
is strictly against agency policy, and should be reported to the Secretary of
Agriculture, Washington, DC 20250.






